
l|||||||||||||ll||l||||||||l||||||||||||||||||||||||||||l|||l||||||||||||l|||||||||||||||| 
US 20040066158A1 

(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2004/0066158 A1 

Naik (43) Pub. Date: Apr. 8, 2004 

(54) COSINE BANG-BANG SEEK CONTROL FOR (52) US. Cl. ............................................................ .. 318/276 
A VOICE COIL OF A DISC DRIVE 

(57) ABSTRACT 
A method and apparatus for improving the timing of a seek 
operation through the removal of the coast phase of con 
ventional model reference Waveform type control systems 
are provided. With the apparatus and method, the coast 
phase is removed such that an acceleration phase is imme 
diately followed by a deceleration phase in the Waveform of 
the control system. A (1-Cos)/2 shaping is applied to the 
resulting square Waveform so that the affects of high fre 
quency harmonics are minimized. The resulting “cosine 
bang-bang” Waveform provides a reduction in seek time 

(76) Inventor: Apurva Dolatrai Naik, Longmont, CO 
(Us) 

Correspondence Address: 
David K. Lucente 
Seagate Technology LLC 
Intellectual Property - COLZLGL 
389 Disc Drive 
Longmont, CO 80503 (US) 

(21) Appl' NO': 10/678’818 When compared to conventional model reference Waveform 
(22) Filed: 06L 3’ 2003 based control. In addition to the above, the present invention 

provides a controller architecture in Which the cosine bang 
Related US Application Data bang Waveform may be applied to a voice coil motor to 

control the actuation of the read/Write heads of a disc drive. 
(60) Provisional application No. 60/415,836, ?led on Oct. With this Controller architecture, the low-Pass ?lters 

3, 2002' required in a model reference Waveform approach are elimi 
nated in favor of (1-Cos)/2 shaping of the square Waveform 

Publication Classi?cation of the present invention. As a result, the increased time 
requirement due to low pass ?ltering is eliminated in the 

(51) Int. Cl.7 ..................................................... .. H02P 7/00 controller of the present invention. 

910 

FIR TO MATCH 1 
FeedForward : —> ModelReference L PLANT DYNAM'CS J POSITION+VELOCITY 

TRAJECTORIES 

FF ‘' 

COMMAND CONTROLLER 

/ l VEST 
930 

mam-Adjust > ESTIMATOR 
FF * K XTOGO 

/ ‘ \ 
920 940 950 



Patent Application Publication Apr. 8, 2004 Sheet 1 0f 5 US 2004/0066158 A1 

FIG. I M 

ACCELERATION 
t0 ta TIII/IE 



Patent Application Publication Apr. 8, 2004 Sheet 2 0f 5 US 2004/0066158 A1 

34 \‘ FIG. 3 
r \ 

PCB 

42 35 
\ I1 P 43 

ROM / 
— RAM 

MOTOR CONTROL 

36 28 
\ 

READNV RITE CONTROL 

4O 
\ 

L ACT CONTROL 

II 

FIG. 4 

ta tf 
ACCELERATION T 

to TIME 

FIG. 5 

2000 A - l- '- "' 

BITS o A- I‘ " I — '—__—"" 

-2oo0 A I " I 
_ I __ ‘I 

I l 1 l I I I I l 

TIME IN SECONDS 



Patent Application Publication Apr. 8, 2004 Sheet 3 0f 5 US 2004/0066158 A1 

3 

2_ 
IPS 

1 _ 

O I I I | | I | I l 

0 1 2 8 4 5 6 7 8 9 4 
x10 

100 
80.. 

TRACKS 60 
40 
20 
O I 1 I | I I I l l 

0 1 2 3 4 5 6 7 8 9 
TIME IN SECONDS x 10 4 

' SQUARE WAVE 

830 81 O FeedForward 
\ POSITION \ 20 

LOW PASS ‘ TRAJECTORY PLANT ‘ LOW PASS / 8 

FILTER MODEL ' FILTER 

FILTERED VELOCITY I FeedForWard 

POSITION TRAJECTORY LOW PASS 
TRAJECTORY FILTER 840 870 

+ 
+ + / 

___" K1 2 V PLANT 
_ + 

860 \ 
\ 850 

+ 

2 K2 
MEASURED _ 

POSITION < 
ESTIMATOR E 

VELOCITY 
ESTIMATE \ 

880 



Patent Application Publication Apr. 8, 2004 Sheet 4 0f 5 US 2004/0066158 A1 

910 

[ FIR TO MATCH 1 FIG' 9 
FeedForward : ModelReference L PLANT DYNAM'CS J POSITION+VELOCITY 

TRAJECTORIES 

FF " 

COMMAND CONTROLLER 

/ \ VEST 

930 

Plant_Adjust _ 
FF , K XTOGO V ESTIMATOR 

/ k \ 
920 940 950 

FIG. 1 0 
3.50 

- - - MR READ 

3-0“ - - MRWRITE / 

- - - - CBB READ / 

2.50- — CBBWRITE / , 

2.00 — 

1.50 

1.00 

0.50 — 

0.00 
80 100 120 



Patent Application Publication Apr. 8, 2004 Sheet 5 0f 5 US 2004/0066158 A1 

1110 \ RECEIvE COMMAND TO 
GO TO DIFFERENT TRACK 

1115 \ INITIALIzE SEEK OPERATION F I G- 1 I 

1 120 \ 
DETERMINE SEEK LENGTH OBTAIN REFERENCE POSITION 

‘ AND/OR vELOCITY CALCULATED / 1 160 
DURING LAST SAMPLE (0 FOR 

1125 DETERMINE OPTIMUM SLOPE THE F'RST SAMPLE) 
\ FOR GIVEN SEEK LENGTH I 

BASED ON GIVEN SLOPE 

OBTAIN ACTUAL POSITION 
i FROM PLANT MODEL AND/ / 1165 

OR ESTIMATED VELOCITY DETERMINE APPROXIMATE 
1 130 \ ACCELERATION BASED ON FROM EST'MATOR 

OPTIMUM SLOPE ‘ 

i CALCULATE POSITION AND/OR 1 170 
1 135 DETERMINE SAMPLE COUNTS VELOC'TY ERROR AND / 

\ BASED ON SEEK LENGTH AND GENERATE APPROPR'ATE 
CORRECTION SIGNAL APPROXIMATE ACCELERATION 

ADD CORRECTION SIGNAL TO / 1 175 
RECALCULATE ACCELERATION FEED FORWARD COMMAND 

1140 / BASED ON SEEK LENGTH AND 
SAMPLE COUNTS } 

_ PROVIDE CORRECTED FEED 

'I FORWARD COMMAND TO \ 
ACTUATOR MOTOR 1 180 

CALCULATE SQUARE 
WAvEFORM FEED FORWARD } 

1145 / COMMAND BASED ON SEEK 
LENGTH, ACCELERATION AND APPLY CORRECTED FEED 

SAMPLES COUNT FORWARD SIGNAL TO THE 
PLANT MODEL TO GENERATE \ 1 185 

I NEW REFERENCE POSITION 
AND/OR vELOCITY FOR NExT 

SHAPE THE SQUARE SERVO SAMPLE 
WAvEFORM EDGES WITH (1 

1150 / COSlNE)/2 SHAPING BASED ON 
SQUARE WAvEFORM AND 

NUMBER OF PRESENT SAMPLE 

ACTUATOR 
i WITHIN THRESHOLD OF TARGET 

'7 
COMPENSATE FOR ANY TRACK‘ 

/ UNMODELED PLANT GAINS 
1155 BY APPLYING A PLANT 

ADJUSTMENT GAIN 



US 2004/0066158 A1 

COSINE BANG-BANG SEEK CONTROL FOR A 
VOICE COIL OF A DISC DRIVE 

RELATED APPLICATIONS 

[0001] This application claims priority to United States 
Provisional Application No. 60/415,836 ?led Oct. 3, 2002, 
entitled Cosine Bang-Bang Seeks. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to the ?eld 
of voice coil control in a disc drive. More particularly, the 
present invention relates to an apparatus and method for 
performing cosine bang-bang seek control of a voice coil of 
a disc drive so as to reduce the amount of time required for 
the seek operation. 

BACKGROUND OF THE INVENTION 

[0003] Disc drives are commonly used in Workstations, 
personal computers, laptops and other computer systems to 
store large amounts of data in a form that can be made 
readily available to a user. In general, a disc drive comprises 
a magnetic disc that is rotated by a spindle motor. The 
surface of the disc is divided into a series of data tracks. The 
data tracks are spaced radially from one another across a 
band having an inner diameter and an outer diameter. 

[0004] Each of the data tracks eXtends generally circum 
ferentially around the disc and can store data in the form of 
magnetic transitions Within the radial eXtent of the track on 
the disc surface. An interactive element, such as a magnetic 
transducer, is used to sense the magnetic transitions to read 
data, or to transmit an electric signal that causes a magnetic 
transition on the disc surface, to Write data. The magnetic 
transducer includes a read/Write gap that contains the active 
elements of the transducer at a position suitable for inter 
action With the magnetic surface of the disc. The radial 
dimension of the gap ?ts Within the radial eXtent of the data 
track containing the transitions so that only transitions of the 
single track are transduced by the interactive element When 
the interactive element is properly centered over the respec 
tive data track. 

[0005] The magnetic transducer is mounted by a head 
structure to a rotary actuator arm and is selectively posi 
tioned by the actuator arm over a preselected data track of 
the disc to either read data from or Write data to the 
preselected data track of the disc, as the disc rotates beloW 
the transducer. The actuator arm is, in turn, mounted to a 
voice coil motor that can be controlled to move the actuator 
arm across the disc surface. 

[0006] A servo system is typically used to control the 
position of the actuator arm to insure that the head is 
properly centered over the magnetic transitions during either 
a read or Write operation. In a knoWn servo system, servo 
position information is recorded on the disc surface betWeen 
Written data blocks, and periodically read by the head for use 
in a closed loop control of the voice coil motor to position 
the actuator arm. Such a servo arrangement is referred to as 
an embedded servo system. 

[0007] In modern disc drive architectures utiliZing an 
embedded servo, each data track is divided into a number of 
data sectors for storing ?Xed siZed data blocks, one per 
sector. Associated With the data sectors are a series of servo 
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sectors, generally equally spaced around the circumference 
of the data track. The servo sectors can be arranged betWeen 
data sectors or arranged independently of the data sectors 
such that the servo sectors split data ?elds of the data sectors. 

[0008] Each servo sector contains magnetic transitions 
that are arranged relative to a track centerline such that 
signals derived from the transitions can be used to determine 
head position. For eXample, the servo information can 
comprise tWo separate bursts of magnetic transitions, one 
recorded on one side of the track centerline and the other 
recorded on the opposite side of the track centerline. When 
ever a head is over a servo sector, the head reads each of the 
servo bursts and the signals resulting from the transduction 
of the bursts are transmitted to, e.g., a microprocessor Within 
the disc drive for processing. 

[0009] When the head is properly positioned over a track 
centerline, the head Will straddle the tWo bursts, and the 
strength of the combined signals transduced from the burst 
on one side of the track centerline Will equal the strength of 
the combined signals transduced from the burst on the other 
side of the track centerline. The microprocessor can be used 
to subtract one burst value from the other each time a servo 
sector is read by the head. When the result is Zero, the 
microprocessor Will knoW that the tWo signals are equal, 
indicating that the head is properly positioned. 

[0010] If the result is other than Zero, then one signal is 
stronger than the other, indicating that the head is displaced 
from the track centerline and overlying one of the bursts 
more than the other. The magnitude and sign of the subtrac 
tion result can be used by the microprocessor to determine 
the direction and distance the head is displaced from the 
track centerline, and generate a control signal to move the 
actuator back toWards the centerline. 

[0011] Each servo sector also contains encoded informa 
tion to uniquely identify the speci?c track location of the 
head. For eXample, each track can be assigned a unique 
number, Which is encoded using a Gray code and recorded 
in each servo sector of the track. The Gray code information 
is used in conjunction With the servo bursts to control 
movement of the actuator arm When the arm is moving the 
head in a seek operation from a current track to a destination 
track containing a data ?eld to be read or Written. 

[0012] The head structure also includes a slider having an 
air bearing surface that causes the transducer to ?y above the 
data tracks of the disc surface due to ?uid currents caused by 
rotation of the disc. Thus, the transducer does not physically 
contact the disc surface during normal operation of the disc 
drive to minimiZe Wear at both the head and disc surface. 
The amount of distance that the transducer ?ies above the 
disc surface is referred to as the “?y height.” By maintaining 
the ?y height of the head at an even level regardless of the 
radial position of the head, it is ensured that the interaction 
of the head and magnetic charge stored on the media Will be 
consistent across the disc. 

[0013] When Writing or reading information, the hard disc 
drive may perform a seek routine to move the transducers 
from one cylinder (track) to another cylinder. During the 
seek routine the voice coil motor is excited With a current to 
move the transducers to the neW cylinder location on the disc 
surfaces. The controller also performs a servo routine to 
insure that the transducer moves to the correct cylinder 
location, and is at the center of the track. 
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[0014] Many disc drives utilize a “model reference” con 
trol algorithm to move the transducer to the correct location 
in the shortest amount of time. An example of the Waveform 
for seek routines that utiliZe model reference control theory 
is provided in FIG. 1. As shoWn in FIG. 1, the Waveform has 
an initial acceleration phase, illustrated as being the positive 
square Wave portion betWeen t0 and ta, With ta being the 
time at the end of the acceleration state. During this phase, 
a constant acceleration current is applied to the voice coil 
motor to cause it to accelerate the assembly. 

[0015] FolloWing the initial acceleration phase, there is a 
coast phase in Which there is no current applied, illustrated 
in FIG. 1 as the period betWeen ta and tc, Where tc is the 
time at the end of the coast state. During this phase of 
operation, the voice coil motor does not generate any further 
acceleration of the assembly and it is alloWed to coast as part 
of the seek operation. FolloWing the coast phase, there is a 
deceleration phase illustrated as the period betWeen tc and tf, 
Where tf is the ?nal time of the seek operation. During this 
phase of operation, a deceleration current is applied to the 
voice coil motor Which causes the assembly to reduce its 
speed doWn to Zero. 

[0016] Because these conventional model reference seek 
models include the coast phase, such seeks typically require 
more time than Would otherWise be necessary if the coast 
phase Were able to be removed. HoWever, there is no knoWn 
approach that provides a feasible Way to remove the coast 
phase of the model reference seek Without introducing 
undesirable affects including high frequency harmonics 
Which stimulate mechanical resonance and excite mechani 
cal components or assemblies With high natural frequencies. 

[0017] In order to reduce the amount of time for a seek 
operation, a “bang-bang” control algorithm may be utiliZed 
to move the transducer to the correct location in the shortest 
amount of time. As discussed in US. Pat. No. 6,549,364, for 
example, the shape of such a Waveform generated using a 
“bang-bang” control algorithm is a square Waveform. Unfor 
tunately, square Waveforms contain high frequency harmon 
ics Which stimulate mechanical resonance in the hard drive 
assembly and excited mechanical components Which high 
natural frequencies. This results in acoustic noise, undesir 
able vibration, and associated settling time due to residual 
vibration. The mechanical resonance created by the square 
Waveforms of tend to increase both the settling and overall 
time required to Write data or read information from the disc. 

[0018] The present invention provides a solution to this 
and other problems, and offers other advantages over pre 
vious solutions. 

SUMMARY OF THE INVENTION 

[0019] The present invention provides a method and appa 
ratus for improving the timing of a seek operation through 
the removal of the coast phase of conventional model 
reference Waveform type control systems. With the present 
invention, the coast phase is removed such that an accel 
eration phase is immediately folloWed by a deceleration 
phase in the Waveform of the control system. A [(1-cosine)/ 
2] shaping is applied to the resulting square Waveform so 
that the affects of high frequency harmonics are minimiZed. 

[0020] The result of the cosine bang-bang Waveform used 
by the present invention is that a reduction in seek time is 
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achieved. In addition, With previous model reference (MR) 
seeks, tables are used for calculating a feed forWard signal 
for the control algorithm for each seek length. After a certain 
seek length, the table is too large to be stored in the memory 
of the controller and, as a result, a velocity mode seek, Which 
does not require a table, is used. With the present invention, 
the feed forWard control signals are generated “on-the-?y” 
and thus, eliminate the need for stored tables. Therefore, the 
present invention can be used to extend the seek length 
compared to the MR seeks. 

[0021] In addition to the above, the present invention 
provides a controller architecture in Which the cosine bang 
bang Waveform may be applied as a feed forWard excitation 
to a voice coil motor to control the actuation of the read/ 
Write heads of a disc drive. With the controller architecture 
of the present invention, the loW-pass ?lters required in a 
model reference Waveform approach are eliminated in favor 
of 1-cosine shaping of the square Waveform of the present 
invention. As a result, the increased time requirement due to 
loW pass ?ltering is eliminated in the controller of the 
present invention. 

[0022] These and various other features as Well as advan 
tages Which characteriZe the present invention Will be appar 
ent upon reading of the folloWing detailed description and 
revieW of the associated draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] FIG. 1 is an exemplary diagram illustrating a 
conventional model reference seek Waveform; 

[0024] FIG. 2 is an exemplary diagram of a disc drive in 
accordance With the present invention; 

[0025] FIG. 3 is an exemplary block diagram of a printed 
circuit board and its electrical couplings in accordance With 
the present invention; 

[0026] FIG. 4 is an exemplary diagram illustrating a 
cosine bang-bang seek Waveform according to the present 
invention; 

[0027] FIG. 5 is an exemplary diagram illustrating a 
comparison of a square Waveform and a 1-cosine shaped 
square Waveform in accordance With the present invention; 

[0028] FIG. 6 is an exemplary diagram illustrating a 
velocity pro?le achieved by use of the 1-cosine shaped 
square Waveform of the present invention; 

[0029] FIG. 7 is an exemplary diagram of a position 
pro?le achieved by use of the 1-cosine shaped square 
Waveform of the present invention; 

[0030] FIG. 8 is an exemplary block diagram of a con 
troller implementing the knoWn model reference control 
Waveform; 

[0031] FIG. 9 is an exemplary diagram illustrating a 
comparison betWeen a conventional model reference feed 
forWard pro?le and the cosine bang-bang feed forWard 
pro?le of the present invention; 

[0032] FIG. 10 is an exemplary diagram illustrating 
exemplary seek performance comparisons betWeen a con 
ventional model reference seek and the cosine bang-bang 
seek of the present invention; and 
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[0033] FIG. 11 is a ?owchart outlining an exemplary 
operation of the present invention When performing a seek. 

DETAILED DESCRIPTION 

[0034] The present invention is directed to a mechanism 
for generating a control Waveform for controlling the opera 
tion of a voice coil in a disc drive apparatus. As such, in 
order to provide a conteXt in Which the present invention 
may be implemented, a brief description of the disc driver 
apparatus is provided With reference to FIGS. 2 and 3. 

[0035] Referring noW to the draWings, and initially to 
FIG. 2, there is illustrated an eXample of a disc drive 
designated generally by the reference numeral 20. The disc 
drive 20 includes a stack of storage discs 22a-a' and a stack 
of read/Write heads 24a-h. Each of the storage discs 22a-d 
is provided With a plurality of data tracks to store user data. 
As illustrated in FIG. 2, one head is provided for each 
surface of each of the discs 22a-a' such that data can be read 
from or Written to the data tracks of all of the storage discs. 
The heads are coupled to a pre-ampli?er 31. It should be 
understood that the disc drive 20 is merely representative of 
a disc drive system utiliZing the present invention and that 
the present invention can be implemented in a disc drive 
system including more or less storage discs. 

[0036] The storage discs 22a-d are mounted for rotation 
by a spindle motor arrangement 29, as is knoWn in the art. 
Moreover, the read/Write heads 24a-h are supported by 
respective actuator arms 28a-h for controlled positioning 
over preselected radii of the storage discs 22a-a' to enable the 
reading and Writing of data from and to the data tracks. To 
that end, the actuator arms 28a-h are rotatably mounted on 
a pin 30 by a voice coil motor 32 operable to controllably 
rotate the actuator arms 28a-h radially across the disc 
surfaces. 

[0037] Each of the read/Write heads 24a-h is mounted to a 
respective actuator arm 28a-h by a ?eXure element (not 
shoWn) and comprises a magnetic transducer 25 mounted to 
a slider 26 having an air bearing surface (not shoWn), all in 
a knoWn manner. As typically utiliZed in disc drive systems, 
the sliders 26 cause the magnetic transducers 25 of the 
read/Write heads 24a-h to “?y” above the surfaces of the 
respective storage discs 22a-a' for non-contact operation of 
the disc drive system, as discussed above. When not in use, 
the voice coil motor 32 rotates the actuator arms 28a-h 
during a contact stop operation, to position the read/Write 
heads 24a-h over a respective landing Zone 58 or 60, Where 
the read/Write heads 24a-h come to rest on the storage disc 
surfaces. As should be understood, each of the read/Write 
heads 24a-h is at rest on a respective landing Zone 58 or 60 
at the commencement of a contact start operation. 

[0038] A printed circuit board (PCB) 34 is provided to 
mount control electronics for controlled operation of the 
spindle motor 29 and the voice coil motor 32. The PCB 34 
also includes read/Write channel circuitry coupled to the 
read/Write heads 24a-h via the pre-ampli?er 31, to control 
the transfer of data to and from the data tracks of the storage 
discs 22a-a'. 

[0039] The manner for coupling the PCB 34 to the various 
components of the disc drive is Well knoWn in the art, and 
includes a connector 33 to couple the read/Write channel 
circuitry to the pre-ampli?er 31. 
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[0040] Referring noW to FIG. 3, there is illustrated in 
schematic form of the PCB 34 and the electrical couplings 
betWeen the control electronics on the PCB 34 and the 
components of the disc drive system described above. A 
microprocessor 35 is coupled to each of a read/Write control 
36, spindle motor control 38, actuator control 40, ROM 42 
and RAM 43. In modern disc drive designs, the micropro 
cessor can comprise a digital signal processor (DSP). The 
microprocessor 35 sends data to and receives data from the 
storage discs 22a-d via the read/Write control 36 and the 
read/Write heads 24a-h. 

[0041] The microprocessor 35 also operates according to 
instructions stored in the ROM 42 to generate and transmit 
control signals to each of the spindle motor control 38 and 
the actuator control 40. The spindle motor control 38 is 
responsive to the control signals received from the micro 
processor 35 to generate and transmit a drive voltage to the 
spindle motor 29 to cause the storage discs 22a-d to rotate 
at an appropriate rotational velocity. 

[0042] Similarly, the actuator control 40 is responsive to 
the control signals received from the microprocessor 35 to 
generate and transmit a voltage to the voice coil motor 32 to 
controllably rotate the read/Write heads 24a-h, via the actua 
tor arms 28a-h, to preselected radial positions over the 
storage discs 22a-d. The magnitude and polarity of the 
voltage generated by the actuator control 40, as a function of 
the microprocessor control signals, determines the radial 
direction and radial speed of the read/Write heads 24a-h. 

[0043] When data to be Written or read from one of the 
storage discs 22a-d are stored on a data track different from 
the current radial position of the read/Write heads 24a-h, the 
microprocessor 35 determines the current radial position of 
the read/Write heads 24a-h and the radial position of the data 
track Where the read/Write heads 24a-h are to be relocated. 
The microprocessor 35 then implements a seek operation 
Wherein the control signals generated by the microprocessor 
35 for the actuator control 40 cause the voice coil motor 32 
to move the read/Write heads 24a-h from the current data 
track to a destination data track at the desired radial position. 

[0044] When the actuator has moved the read/Write heads 
24a-h to the destination data track, a multiplexer (not 
shoWn) is used to couple the head 24a-h over the speci?c 
data track to be Written or read, to the read/Write control 36, 
as is generally knoWn in the art. The read/Write control 36 
includes a read channel that, in accordance With modern disc 
drive design, comprises an electronic circuit that detects 
information represented by magnetic transitions recorded on 
the disc surface Within the radial eXtent of the selected data 
track. As described above, each data track is divided into a 
number of data sectors. 

[0045] During a read operation, electrical signals trans 
duced by the head from the magnetic transitions of the data 
sectors are input to the read channel of the read/Write control 
36 for processing via the pre-ampli?er 31. The RAM 43 can 
be used to buffer data read from or to be Written to the data 
sectors of the storage discs 22a-d via the read/Write control 
36. The buffered data can be transferred to or from a host 
computer utiliZing the disc drive for data storage. 

[0046] As previously mentioned, the present invention 
provides a mechanism for improving the timing of seek 
operations in a disc drive by eliminating the coast state of a 
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model reference seek. The present invention provides a 
feed-forWard controller With a reference model for control 
ling the operation of a voice coil motor 32 so as to provide 
a quicker seek time than is achievable in knoWn model 
reference seek operations. As such, the present invention 
may be implemented in the actuator control 40 of the printed 
circuit board 34 shoW in FIG. 3. 

[0047] Returning to FIG. 1, as previously stated, knoWn 
model reference seek Waveforms require additional time to 
perform the seek operation because of the coast phase of the 
seek operation. It can be determined from the Waveform 
depicted in FIG. 1 that the position and velocity of the 
read/Write head at time ta is 

x(ta)=1/2 All/12 

v(ta)=Ata 
[0048] The position and velocity at time tc is 

[0049] The position and velocity at time tf is 

1 
= (3/2)Am2 +Am2 - 5M2 

[0050] Thus, from the above, it can be seen that x(tf), i.e. 
the seek length, is determined from the folloWing equation: 

Seek Length=2 *AT2 

[0051] Where A is the approximate acceleration and T is 
the number of samples in a sampling period ts in time ta. 
That is T=ta/ts Where ts is the sampling period. Although 
ta/ts can be a fractional number, an integer value of T is used 
by the present invention, as discussed hereafter. 

[0052] The approximate acceleration is determined based 
on the given seek length and is used to determine is obtained 
using the folloWing equation: 

A=minimumiA+SeekLength*Slope 

[0053] Where minimum_A is a minimum acceleration of 
the actuator, seek length is a given parameter identifying the 
number of tracks to be traversed by the actuator, and the 
slope is a tuning parameter. 

[0054] As a result, the number of samples during accel 
eration, T, may be determined based on the given seek length 
and the approximate acceleration as: 

T =floor (sqrt(Seeklength/(2 

[0055] and since T must be an integer in the sampled data 
system, the acceleration A may be recalculated to adjust for 
the fractional time lost as folloWs: 

A=(Seeklength/2*T2) 
[0056] It is desirable to minimiZe the amount of time 
required to Write data to and read information from the 
disc(s) of a disc drive. Therefore, the seek routine performed 
by the disc drive should move the transducers to the neW 
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cylinder location in the shortest amount of time. Addition 
ally, the settling time of the hard drive assembly should be 
minimiZed so that the transducer can quickly Write or read 
information, once located adjacent to the neW cylinder. 

[0057] Simply programming the controller to apply a 
Waveform in Which the coast phase of the model reference 
Waveform is eliminated does not achieve the desired func 
tionality. That is, When the coast phase is removed from the 
model reference Waveform, an acceleration phase is imme 
diately folloWed by a deceleration phase and a square 
Waveform is created. Unfortunately, square Waveforms con 
tain high frequency harmonics Which stimulate mechanical 
resonance and excite mechanical components or assemblies 
With high natural frequencies. This results in acoustic noise, 
undesirable vibration, and associated settling time due to 
residual vibration. The mechanical resonance created by 
square Waveforms tends to increase both the settling and 
overall time required to Write data to or read information 
from the disc. 

[0058] In order to provide the quickest seek time, the 
present invention eliminates the coast phase of the model 
reference seek operation and then applies (1-cosine)/2 shap 
ing to the resulting Waveform. The (1-cosine)/2 shaping is 
applied to all three edges of the square Waveform, not just 
one, i.e. Zero current to the acceleration, acceleration to 
deceleration transition, and deceleration to arrival transition. 
As a result, the problems associated With square Waveforms 
are minimiZed through (1-cosine)/2 shaping While still 
achieving the improvement in seek time that is desirable. 
The resulting seek operation using a Waveform in Which the 
coast phase has been removed and the resulting square 
Waveform is shaped using (1cosine)/2 shaping is termed the 
“cosine bang-bang” seek operation. 

[0059] FIG. 4 illustrates an exemplary square Waveform 
used With the cosine bang-bang seek mechanism of the 
present invention. As shoWn in FIG. 4, at time t0 the 
position of the read/Write heads of the disc drive is X(t0)=0 
and the velocity of the read/Write heads of the disc drive is 
V(t0)=0. At time ta, i.e. after acceleration, the position of the 
read/Write heads of the disc is x(ta)=1/zAta2 and the velocity 
is Ata. At time tf, i.e. after deceleration, the position and 
velocity of the read/Write heads is: 

v(l§f)=v(ta)-Ata=v(ta)—v(ta)=0 
[0060] From these equations it can be determined that the 
seek length is x(tf) or AT 2. The time period for acceleration 
and the acceleration are found by the equations: 

T =floor (sqrt(Seeklength/A)) 

A=(Seeklength/T2) 

[0061] Thus, by being able to remove the coast phase, the 
cosine bang-bang seek of the present invention alloWs the 
velocity to reach up higher, for the same seek length, thereby 
reducing the overall seek time. This is achieved by feeding 
in higher excitation current than the conventional model 
reference seeks. 

[0062] As mentioned previously, one cannot simply apply 
a square Waveform such as that shoWn in FIG. 4 Without 
introducing undesirable effects into the disc drive assembly. 
Therefore, in order to minimiZe the effects of the high 
frequency harmonics of square Waveforms, the present 
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invention shapes the square Waveform of FIG. 4 using 
(1-cosine)/2 shaping. A comparison of the resulting cosine 
bang-bang Waveform and the square Waveform is provided 
in FIG. 5. As shoWn in FIG. 5, the square Waveform takes 
approximately 675x10“4 seconds and the (1-cosine)/2 
shaped square Waveform take approximately 8.75 x10‘4 sec 
onds to accomplish the seek operation but the (1-cosine)/2 
shaped Waveform does not have the large transitions of the 
non-shaped square Waveform. Since, the large transitions of 
the square Waveform are lessened through (1cosine)/2 shap 
ing, the affects of high frequency harmonics are reduced. 
Moreover, as Will be discussed in greater detail hereafter, the 
present invention alloWs for the elimination of loW pass 
?lters, as are used in conventional MR seek con?gurations, 
and thus, a performance improvement is obtained that offsets 
the performance losses due to the (1cosine)/2 shaping. 

[0063] FIG. 6 illustrates an exemplary velocity pro?le 
achieved through use of the (1-cosine)/2 shaped Waveform. 
As shoWn in FIG. 6, the velocity pro?le is a smooth curve 
that transitions from 0 inches per second (IPS) through to 
approximately 2.9 IPS and back to 0 IPS in approximately 
875x10-4 ms. As can be seen from the velocity pro?le, there 
is no coast period in the velocity pro?le. Rather, there is a 
smooth transition from an acceleration phase to a decelera 
tion phase. 

[0064] FIG. 7 illustrates an exemplary position pro?le 
achieved through the use of the (1-cosine)/2 shaped Wave 
form. As shoWn in FIG. 7 the position starts from a 0 track 
position and has a smooth transition from track 0 to track 
100 at approximately 8x10'4 seconds. 

[0065] In addition to reducing the time required to perform 
a seek operation by removing the coast phase of the model 
reference Waveform, the present invention also improves 
timing of a seek operation by removing the need to perform 
loW pass ?ltering of the model reference Waveform. LoW 
pass ?ltering is used in the model reference Waveform to 
lessen the affects of sharp edges in the Waveform. This loW 
pass ?ltering, hoWever, increases the amount of time 
required to complete the seek operation. 

[0066] Instead, the present invention performs (l-co 
sine)/2 shaping of the square Waveform of the present 
invention and thus, loW pass ?ltering is not necessary to 
remove sharp edges of the model reference Waveform. As a 
result, the time delay associated With performing loW-pass 
?ltering in the controller architecture based on the model 
reference Waveform is eliminated by the present invention. 
The difference in controller architectures betWeen the model 
reference Waveform controller architecture and the cosine 
bang-bang Waveform controller architecture is best under 
stood by reference to FIGS. 8 and 9. 

[0067] FIG. 8 is an exemplary block diagram of a con 
troller implementing the knoWn model reference control 
Waveform. As shoWn in FIG. 8, a square Waveform such as 
that shoWn in FIG. 1 is input to the plant model 810 and a 
?rst loW pass ?lter 820. The plant model 810 is a model, 
such as a plurality of equations, that represent hoW the 
position and velocity of a hard disc drive actuator Would 
change if the feed-forWard signal is given to an ideal 
actuator in an ideal World. The plant model 810 generates a 
position trajectory signal and a velocity trajectory signal 
based on the input Waveform. The position trajectory signal 
is sent to a second loW pass ?lter 830 and the velocity 
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trajectory signal is sent to a third loW pass ?lter 840. The 
?ltered position trajectory signal is used as reference signal. 
When the actual position signal from the plant 870 is 
subtracted from it, an error signal is generated Which is input 
to ampli?er 850. The ampli?er 850 ampli?es the difference 
signal by a gain K1. 

[0068] The velocity error signal is generated by subtract 
ing the estimated velocity from the velocity reference tra 
jectory. The velocity estimate signal is obtained from esti 
mator 880 based on a measured position signal received 
from plant 870 and the output control signal generated by the 
controller. The output control signal generated by the con 
troller and sent to the plant 870 is a sum of the ?ltered feed 
forWard signal from loW pass ?lter 820, the ampli?ed 
position difference signal from ampli?er 850, and an ampli 
?ed velocity difference signal generated by ampli?er 860. 

[0069] Thus, as can be seen from FIG. 8, three difference 
loW pass ?lters are required for ensuring that the frequency 
of the position trajectory, velocity trajectory and feed for 
Ward control signals are the same. These loW pass ?lters 
represent a source of delay in the control of the plant 870. 
The present invention eliminates the delay associated Wit 
these loW pass ?lters. 

[0070] FIG. 9 is an exemplary diagram illustrating a 
comparison betWeen a conventional model reference feed 
forWard pro?le and the cosine bang-bang feed forWard 
pro?le of the present invention. As shoWn in FIG. 9, the 
present invention includes inputting a Waveform, such as 
that shoWn in FIG. 4, Which is modi?ed by (1-cosine)/2 
shaping, as a feed forWard signal Waveform to a plant model 
910. The (1-cosine)/2 shaped Waveform is generated by the 
feedforWard device 905. 

[0071] In addition, the (1-cosine)/2 shaped square Wave 
form is input to the plant adjustment device 920 Which 
applies an adjustment to the feed forWard Waveform signal 
to overcome the plant imperfections that cannot be modeled 
in the plant model 940. This adjustment also alloWs the 
cosine bang-bang seek controller to be tuned for each and 
every hard disc drive separately and automatically. 

[0072] The plant model 910 generates position and veloc 
ity trajectories based on a model of the operation of the 
plant. These velocity and position trajectories are input to 
the controller 930 directly Without having to be passed 
through a loW pass ?lter. The controller 930 determines a 
control signal based on the measured position output of the 
plant 940 and one or more of an estimated velocity and an 
estimated position of the plant 940 obtained from the 
estimator 950. The control signal is summed With the output 
from the plant adjustment device 920 to generate a control 
signal that is sent to the plant 940, via an interface or 
electrical connection (not shoWn), to control the operation of 
the plant. 

[0073] With the present invention, the plant model 910 
applies l-cosine shaping to the feed forWard input signal 
received such that appropriate velocity and position trajec 
tories are obtained. Because the feed forWard Waveform 
signal is shaped using (1-cosine)/2 shaping, there is no need 
for loW pass ?ltering of the position and velocity trajectories 
output by the plant model 910. This is because the shaped 
Waveform feeds excitation at only one selected frequency. 
The cosine frequency is selected as a part of the tuning 
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process and normally is below the main resonance frequen 
cies. The square Waveform edges approaches have in?nite 
number of frequencies in it, Which Would excite all the 
possible resonances. 

[0074] Through the use of the cosine bang-bang controller 
illustrated in FIG. 9, improved seek performance is 
achieved. That is, the time required to perform a seek 
operation is reduced. Since the cosine bang-bang seek 
calculations for calculating the feed forWard signal and the 
seek time for a given seek length are relatively simple, they 
are performed on-the-?y for each seek instead of using 
memory tables. This feature enables usage of cosine bang 
bang seeks for much longer seek lengths than Was possible 
for model reference seek lengths With pre-calculated 
memory tables. As a result, there is more time savings With 
longer seek lengths. 
[0075] FIG. 10 is an exemplary diagram illustrating 
exemplary seek performance comparisons betWeen a con 
ventional model reference seek and the cosine bang-bang 
seek of the present invention. As shoWn in FIG. 10, there is 
an improvement in the seek times for both read and Write 
operations using the cosine bang-bang methodology of the 
present invention. As illustrated, there is approximately 
betWeen a 0.3 to 0.4 ms improvement in seek time for cosine 
bang-bang Write operations When compared to conventional 
model reference Write operations. Similarly, there is 
approximately betWeen a 0.2 and 0.4 ms improvement in 
seek time for cosine bang-bang read operations When com 
pared to conventional model reference read operations. 

[0076] Also illustrated in FIG. 10, When the number of 
tracks involved in the seek operation exceeds approximately 
110-120 tracks, there is an exponential increase in the seek 
times for read and Write operations using conventional 
Waveform control. This is because above 110-120 tracks, a 
sloWer algorithm called the velocity mode seek is necessary 
due to the siZe of the tables required in the model reference 
control algorithm becoming too large. HoWever, With the 
cosine bang-bang control of the present invention, the seek 
time stabiliZes such that there are minimal increase, if any, 
for seek lengths in a period of betWeen 110 to 120 tracks. 
This alloWs for larger seek lengths than is practically achiev 
able using conventional model reference Waveform control. 

[0077] FIG. 11 is a ?oWchart outlining an exemplary 
operation of the present invention When performing a seek 
operation. It Will be understood that each block of the 
?oWchart illustration, and combinations of blocks in the 
?oWchart illustration, can be implemented by computer 
program instructions. These computer program instructions 
may be provided to a processor or other programmable data 
processing apparatus to produce a machine, such that the 
instructions Which execute on the processor or other pro 
grammable data processing apparatus create means for 
implementing the functions speci?ed in the ?oWchart block 
or blocks. These computer program instructions may also be 
stored in a computer-readable memory or storage medium 
that can direct a processor or other programmable data 
processing apparatus to function in a particular manner, such 
that the instructions stored in the computer-readable 
memory or storage medium produce an article of manufac 
ture including instruction means Which implement the func 
tions speci?ed in the ?oWchart block or blocks. 

[0078] Accordingly, blocks of the ?oWchart illustration 
support combinations of means for performing the speci?ed 
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functions, combinations of steps for performing the speci 
?ed functions and program instruction means for performing 
the speci?ed functions. It Will also be understood that each 
block of the ?oWchart illustration, and combinations of 
blocks in the ?oWchart illustration, can be implemented by 
special purpose hardWare-based computer systems Which 
perform the speci?ed functions or steps, or by combinations 
of special purpose hardWare and computer instructions. 

[0079] As shoWn in FIG. 11, the operation starts by 
receiving a command to go to a different track of the hard 
disc (step 1110). The seek operation is then initialiZed (step 
1115) and a seek length is determined (step 1120). The 
optimum slope for a given seek length based on a give slope 
is determined (step 1125). An approximate acceleration of 
the actuator is then determined based on the optimum slope 
(step 1130). Asample count is determined based on the seek 
length and the approximate acceleration (step 1135) and the 
acceleration is then recalculated, referred to hereafter as the 
“feedforWard acceleration”, based on the seek length and 
sample counts (step 1140) to compensate for fractional 
losses. 

[0080] A square Waveform feed forWard command is 
calculated based on the seek length, acceleration and 
samples count (step 1145). The edges of the square Wave 
form are then shaped using the (1-cosine)/2 shaping based 
on a square Waveform and number of the present sample 
(step 1150). In one exemplary embodiment of the present 
invention, “shaping” the Waveform involves calculating the 
shaped Waveform using the folloWing equation: 

Shaped Waveform=FeedForWard_Acceleration * (1 — 
Cos(2*pi*Cosine_Frequency*#of Sample))/2 

[0081] Here, depending on the frequency selected, 
(1Cos(2*pi*cosine_frequency*# of samples) becomes equal 
to 1 after a feW samples, ie when 2*cosine_frequency*#of 
sample=1, Cos(pi)=—1 a1Cos(pi=2)+(1-Cos(pi))/2=1). fter 
a feW (say 3,5,7 or preferably an odd number of samples, 
although it is not necessary) samples. After these number of 
samples (Which is knoWn to the seek tuner based on his/her 
frequency selection), e.g., 3, 5, 7 or preferably an odd 
number of samples, although it is not necessary that the 
number of samples be odd, the shaping part of the Waveform 
is done and constant FeedForWard_acceleration is applied 
till the acceleration phase is over. A similar technique may 
be applied for shaping acceleration to deceleration phase and 
for deceleration to the arrival phase. 

[0082] After shaping the Waveform, any unmodeled plant 
gains are then compensated for by applying a plant adjust 
ment gain (step 1155). A reference position and/or velocity 
are then obtained for the last sample (step 1160). An actual 
position is obtained from the plant model and/or an esti 
mated velocity is obtained from an estimator (step 1165). A 
position and/or velocity error are then calculated to generate 
an appropriate correction signal (step 1170). The correction 
signal is then added to the (1cosine)/2 shaped Waveform 
feed forWard command Which is (step 1175). The corrected 
feed forWard command signal is then provided to the actua 
tor to thereby control the movement of the actuator motor. 
(step 1180). The (1-cosine)/2 shaped feed forWard command 
is also provided to the plant model to generate a neW 
reference position and/or velocity for use With the next voice 
coil motor sampling (step 1185). Adetermination is made as 
to Whether the actuator is Within a threshold of the target 



US 2004/0066158 A1 

track (step 1190). If so, the operation terminates. Otherwise, 
the operation returns to step 1145 for continued processing 
With the next actuator voice coil motor sampling. 

[0083] Thus, the present invention provides a mechanism 
by Which a seek time for performing a seek operation in a 
hard disc drive is reduced by eliminating a coast phase of 
conventional model reference seek operations. The resulting 
“bang-bang” seek operation is performed such that an accel 
eration phase is immediately folloWed by a deceleration 
phase and thus, the seek timing is reduced. In addition, the 
present invention provides for (1-cosine)/2 shaping of the 
resultant square Waveform so that the “bang-bang” seek 
operation may be performed Without experiencing the unde 
sirable effects associated With acoustic noise, undesirable 
vibration, and associated settling time due to residual vibra 
tion. 

[0084] As illustrated by the exemplary embodiments 
above, the present invention provides a method and appa 
ratus for controlling a voice coil motor in a disc drive during 
a seek operation. The method and apparatus provide a 
mechanism for generating a square Waveform command 
signal for controlling the operation of the voice coil motor 
based on a square Waveform, the square Waveform having an 
acceleration phase immediately folloWed by a deceleration 
phase. The square Waveform command signal is shaped 
using (1-cosine)/2 shaping to thereby generate a shaped 
Waveform command signal and a control signal is generated 
based on the shaped Waveform command signal. This con 
trol signal is output to the voice coil motor. 

[0085] The square Waveform command signal may be 
generated, for example, by determining a seek length of the 
seek operation, determining an acceleration of the seek 
operation, and generating the square Waveform command 
signal based on the seek length and acceleration. The 
acceleration may be determined, for example, by determin 
ing an optimum slope for the square Waveform, determining 
an approximate acceleration based on the optimum slope, 
determining a sample count based on the seek length and 
approximate acceleration, and calculating the acceleration 
based on the seek length and sample count. 

[0086] In addition to the above, a plant adjustment signal 
may be generated and summed With the control signal to 
generate a resultant signal Which is output to the voice coil 
motor to thereby control the voice coil motor. This plant 
adjustment signal helps to adjust for discrepancies betWeen 
the plant model and the actual plant operation. It is possible 
to calibrate this signal for each and every drive. This can be 
combined With plant reference model calibration to obtain 
optimiZed seek performance for each and every drive during 
manufacturing. 

[0087] In generating the control signal, at least one of a 
reference position and a reference velocity may be deter 
mined along With at least one of an actual position and an 
estimated velocity. The reference position and velocity may 
be determined from a plant model that models the operation 
of an actuator of a read/Write head mechanism, for example. 
The estimated velocity may be obtained from an estimator 
associated With a controller of the present invention. 

[0088] Based on the reference position and velocity and 
the actual position and estimated velocity, at least one of a 
position error and a velocity error may be determined based 
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on the reference position, reference velocity, actual position 
and estimated velocity. A correction signal may then be 
generated based on one of the position error and the velocity 
error and added to the shaped Waveform command signal to 
thereby generate the control signal. 

[0089] In one exemplary embodiment, the approximate 
acceleration is determined using the folloWing equation: 

A=MinimumiA+(slope*minimum(SeekLength, 
Maximum SeekLength) 

[0090] Where A is the approximate acceleration, Mini 
mum_A is a minimum acceleration value for the seek 
operation, slope is the determined optimum slope, Seek 
Length is the determined seek length for the seek operation, 
and Maximum SeekLength is a maximum seek length for 
the seek operation. Moreover, the sample count may be 
determined based on the folloWing equation: 

sample_count=truncated(sqrt(SeekLength/A)) 

[0091] Where sample_count is the sample count, Seek 
Length is the determined seek length, and A is the approxi 
mate acceleration. 

[0092] In still other exemplary embodiments, the control 
signal is generated Without using loW-pass ?ltering and thus, 
the performance degradation obtained from using loW-pass 
?ltering is avoided. In addition, the method and apparatus 
may be implemented in an actuator control portion of a 
printed circuit board of the disc drive. 

[0093] It is important to note that While the present inven 
tion has been described in the context of a fully functioning 
data processing system, those of ordinary skill in the art Will 
appreciate that the processes of the present invention are 
capable of being distributed in the form of a computer 
readable medium of instructions and a variety of forms and 
that the present invention applies equally regardless of the 
particular type of signal bearing media actually used to carry 
out the distribution. Examples of computer readable media 
include recordable-type media, such as a ?oppy disc, a hard 
disc drive, a RAM, CD-ROMs, DVD-ROMs, and transmis 
sion-type media, such as digital and analog communications 
links, Wired or Wireless communications links using trans 
mission forms, such as, for example, radio frequency and 
light Wave transmissions. The computer readable media may 
take the form of coded formats that are decoded for actual 
use in a particular data processing system. 

[0094] The description of the present invention has been 
presented for purposes of illustration and description, and is 
not intended to be exhaustive or limited to the invention in 
the form disclosed. Many modi?cations and variations Will 
be apparent to those of ordinary skill in the art. The 
embodiment Was chosen and described in order to best 
explain the principles of the invention, the practical appli 
cation, and to enable others of ordinary skill in the art to 
understand the invention for various embodiments With 
various modi?cations as are suited to the particular use 
contemplated. 

What is claimed is: 
1. A method of controlling a motor, comprising: 

generating a square Waveform command signal for con 
trolling the operation of the motor based on a square 
Waveform, Wherein the square Waveform comprises an 
acceleration phase immediately folloWed by a decel 
eration phase; 
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shaping the square Waveform command signal using 
(1-cosine)/2 shaping to thereby generate a shaped 
Waveform command signal; 

generating a control signal based on the shaped Waveform 
command signal; and 

outputting the control signal to the motor. 
2. The method of claim 1, Wherein generating the square 

Waveform command signal includes: 

determining a seek length; 

determining an acceleration; and 

generating the square Waveform command signal based 
on the seek length and acceleration. 

3. The method of claim 2, Wherein determining the 
acceleration includes: 

determining an optimum slope for the square Waveform; 

determining an approximate acceleration based on the 
optimum slope; 

determining a sample count based on the seek length and 
approximate acceleration; and 

calculating the acceleration based on the seek length and 
sample count. 

4. The method of claim 1, further comprising: 

generating a plant adjustment signal; 

summing the plant adjustment signal With the control 
signal to generate a resultant signal; and 

outputting the resultant signal to the voice coil motor to 
thereby control the voice coil motor. 

5. The method of claim 1, Wherein generating the control 
signal includes: 

determining at least one of a reference position and a 
reference velocity; 

determining at least one of an actual position and an 
estimated velocity; 

determining at least one of a position error and a velocity 
error based on the reference position, reference veloc 
ity, actual position and estimated velocity; 

generating a correction signal based on one of the position 
error and the velocity error; and 

adding the correction signal to the shaped Waveform 
command signal to thereby generate the control signal. 

6. The method of claim 3, Wherein the approximate 
acceleration is determined using the folloWing equation: 

A=MinimumiA+(slope*minimum(SeekLength, 
Maximum SeekLength) 

Where A is the approximate acceleration, Minimum_A is 
a minimum acceleration value for the seek operation, 
slope is the determined optimum slope, SeekLength is 
the determined seek length for the seek operation, and 
Maximum SeekLength is a maximum seek length for 
the seek operation. 

7. The method of claim 3, Wherein the sample count is 
determined based on the folloWing equation: 

sample_count=truncated(sqrt(SeekLength/A)) 
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Where sample_count is the sample count, SeekLength is 
the determined seek length, and A is the approximate 
acceleration. 

8. The method of claim 1, Wherein generating the control 
signal is performed Without using loW-pass ?ltering. 

9. The method of claim 5, Wherein the reference position 
and reference velocity are determined by applying the 
shaped Waveform command signal to a model that approxi 
mates the operation of the voice coil motor. 

10. The method of claim 1, Wherein the motor is a voice 
coil motor, and the method is for a seek operation in a 
storage device. 

11. An apparatus for controlling a motor, comprising: 

a feedforWard device; and 

a controller coupled to the feedforWard device, Wherein 
the feedforWard device generates a square Waveform 
command signal for controlling the operation of the 
motor based on a square Waveform, Wherein the square 
Waveform comprises an acceleration phase immedi 
ately folloWed by a deceleration phase, and shapes the 
square Waveform command signal using (1-cosine)/2 
shaping to thereby generate a shaped Waveform com 
mand signal, and Wherein 

the controller generates a control signal based on the 
shaped Waveform command signal and outputs the 
control signal to the motor. 

12. The apparatus of claim 11, Wherein the feedforWard 
device generates the square Waveform command signal by: 

determining a seek length; 

determining an acceleration; and 

generating the square Waveform command signal based 
on the seek length and acceleration. 

13. The apparatus of claim 12, Wherein the feedforWard 
device determines the acceleration by: 

determining an optimum slope for the square Waveform; 

determining an approximate acceleration based on the 
optimum slope; 

determining a sample count based on the seek length and 
approximate acceleration; and 

calculating the acceleration based on the seek length and 
sample count. 

14. The apparatus of claim 11, further comprising: 

a plant adjustment device that generates a plant adjust 
ment signal based on the shaped Waveform command 
signal; and 

a summation device that adds the plant adjustment signal 
to the control signal to generate a resultant signal, 
Wherein the resultant signal is output to the voice coil 
motor to thereby control the voice coil motor. 

15. The apparatus of claim 11, further comprising: 

a plant model that determines a reference position of a 
read/Write head; and 

a measurement device for measuring an actual position of 
the read/Write head, Wherein the controller determines 
a position error based on the reference position and the 
actual position, generates a correction signal based on 
one of the position error, and adds the correction signal 
to the shaped Waveform command signal to thereby 
generate the control signal. 
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16. The apparatus of claim 13, wherein the feedforWard 
device determines the approximate acceleration using the 
following equation: 

A=MinimumiA+(slope*minimum(SeekLength, 
Maximum SeekLength) 

Where A is the approximate acceleration, Minimum_A is 
a minimum acceleration value for the seek operation, 
slope is the determined optimum slope, SeekLength is 
the determined seek length for the seek operation, and 
Maximum SeekLength is a maximum seek length for 
the seek operation. 

17. The apparatus of claim 13, Wherein the feedforWard 
device determines the sample count based on the folloWing 
equation: 

sample_count=truncated(sqrt(SeekLength/A)) 
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Where sample_count is the sample count, SeekLength is 
the determined seek length, and A is the approximate 
acceleration. 

18. The apparatus of claim 11, Wherein the controller 
generates the control signal Without using loW-pass ?ltering. 

19. The apparatus of claim 15, Wherein the reference 
position is determined by applying the shaped Waveform 
command signal to a model that approximates the operation 
of the voice coil motor. 

20. The apparatus of claim 11, Wherein the motor is a 
voice coil motor, and the method is for a seek operation in 
a storage device. 


